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Abstract
We study the dark matter (DM) surface density using the SPARC sample and compare it to Donato et al. [1] result. By means of
MCMC method, we infer the best-fitting parameters for each galaxy. We reobtain the scaling relation between the surface density
and luminosity, and several other scaling laws relating the dark matter halo properties to that of the galactic disc properties. We
conclude, in contrast with Donato et al. [1], that the dark matter surface density is not a universal (constant) quantity but correlates
with the luminosity as well as with other galactic disc properties. A derived posterior probability distribution of ρ0r0 shows that the
null hypothesis of constancy is rejected at a very high confidence level. These results leave little room for the claimed universality
of dark matter surface density. Since MOND has strong prediction on the surface density [2], we compared our result with those
predictions, finding that MOND predictions are violated by data. To strengthen the previous result, we compared our results
to another prediction of MOND [3], the existence of a maximum Newtonian dark matter acceleration in the halo. Also in this
case, MOND predictions are in contradiction with data. The dark matter Newtonian acceleration correlates with all the previously
presented galactic disc properties, and data are distributed outside the bound predicted by Milgrom & Sanders[3]. We also find that
the null hypothesis (constancy of DM Newtonian acceleration) is rejected at a very high confidence level.
1. Introduction
The Λ cold dark matter (ΛCDM) model, or concordance
cosmology, gives very accurate predictions of the observations
on cosmological scales1 [6–8], and intermediate scales [6–12].
For precision’s sake, even at large scale there are tensions
of unknown origin between the value of the Hubble param-
eter, H0, and SNe Ia data, the 2013 Planck parameters [13]
and σ8 obtained from cluster number counts and weak lensing.
Also the Planck 2015 data are in tension with σ8 growth rate
[14], and with CFHTLenS weak lensing data [15]. Moreover,
a quadrupole-octupole alignment [16–20], a power hemispher-
ical asymmetry [21–26] and a cold spot [27–29] are presented
in the large-angle fluctuations in the CMB. Moving to smaller
scales (' 1−10 kpcs), the ΛCDM model is affected by a series
of problems [30–42]. Some of them are
a. the cusp/core (CC) problem [30, 43], that is the discrep-
ancy in the inner profiles obtained in dissipationless N-
body simulations [44–46] and observations of dwarf galax-
ies, Irregulars, and Low Surface Brightness (LSB) galax-
ies [36, 47–54], and clusters [55];
b. the “missing satellite problem” (MSP), namely the dis-
crepancy between the number of sub-haloes predicted by
N-body simulations [31], and observations;
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1We recall that at this scales the cosmological constant problem [4, 5], and
the cosmic coincidence problem affect the ΛCDM paradigm.
c. the “Too-Big-To-Fail problem”, namely the fact that sub-
haloes are too dense compared to what we observe around
the Milky Way [56, 57];
d. the satellites planes problem, that is the difficulty in ex-
plaining the location of satellite galaxies of the Milky
Way and M31 on planes [58].
Between the solutions proposed, we recall the proposal of
modifying the theory of gravity [59–64], modifying the nature
of DM [65–68], modifying the power spectrum [69], or dele-
gating the solution to the phenomena related to baryon physics
phenomena, which are complex and not well understood. Two
of the mechanisms proposed are related to supernovae explo-
sions [70–74], or to transfer of energy and angular momentum
from baryons to DM through dynamical friction [36, 49, 53,
75–79].
In order to understand complex phenomena, scaling rela-
tions are very helpful.
Kormendy & Freeman [80] found several scaling relations
modeling the rotation curves of galaxies through a pseudo-isothermal
(pISO) profile. They found several relations between DM halos
parameters.
One of those relations, namely ρ0rc, where ρ0 is the cen-
tral density of the density profile, and rc is its scale radius,
was shown to be independent, in the case of late-type galax-
ies, from galaxy luminosity. Kormendy & Freeman [80] found
that ρ0rc ' 100M pc−2.
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Several other authors went on studying the quoted relation,
and in the case of Donato et al. [1] (hereafter D09), the 55
galaxy sample of Kormendy & Freeman [80] was extended by
means of ' 1000 spiral galaxies, weak lensing of spirals and
ellipticals, and data from dwarf galaxies. They found a simi-
lar result to that of Kormendy & Freeman [80], which led them
to claim a quasi-universality of Σ0Donato = ρ0r0
2, interpreted as
central surface density of DM halos. Shortly after the publica-
tion of the D09 paper, Milgrom [2] showed that in the Newto-
nian regime, the modified Newtonian dynamics (MOND) paradigm
predicted very similar results to that of D09.
A further extension of the D09 result was that of Gentile
et al. [81] (hereafter G09), claiming a quasi-universality of the
luminous surface density within scale radius of the dark halo.
A common feature to D09, and G09 is that they used the
same sample, and assumed that a very different class of galax-
ies, going from dwarfs to ellipticals, could be fitted by the same
halo density profile, namely the Burkert profile
ρ(r) =
ρ0r30
(r+ r0)(r2+ r20)
(1)
obtaining ρ0, and r0. Now, the Burkert profile is known to give
good fits to dwarf galaxies, and LSBs, but not to elliptical galax-
ies. The DM distribution obtained with different methods (X-
ray properties of the emitting hot gas [82, 83], stellar dynamics
[84, 85], weak and strong lensing [86, 87]), can be fitted both by
the NFW profile or the isothermal profile (a cored profile like
the Burkert profile), at least for X-ray data. de Blok et al. [88]
found that brighter, larger galaxies with MB > −19 have den-
sity profiles well fitted by both cuspy profiles and cored ones,
while less massive galaxies with MB < −19 are best fitted by
cored profiles.
Moreover, even in the case of dwarfs, Simon et al. [89]
showed that cored profiles, like Burkert profile, are not a good
fit to some of them, and some dSphs could have a cuspy profile
[90, 91], instead of a cored one, as expected.
The quoted results bring us at least to have some doubts
about the D09, and G09 conclusions, since they are based on
the assumption that all the galaxies they studied are well fitted
by the Burkert profile, and then they are all cored.
Opposite results to that of D09, and G09 were obtained by
Napolitano et al. [92] who showed that the projected density
within the local radius is larger in the case of early type galaxies
with respect to that of dwarfs and spirals. Boyarsky et al. [93]
arrived to similar conclusions with a sample containing group
of galaxies, and clusters, much larger than the one of D09, and
G09.
They showed that the projected density of local early type
galaxies, within the effective radius is larger than that of dwarfs
and spirals. This systematic increase with the mass of the halo
was also noticed by Boyarsky et al. [93]. The sample of Bo-
yarsky et al. [93] was larger than that of D09, and G09, in-
cluding groups and clusters. The dark matter column density,
2ρ0 and r0 are the central density and scale radius of the Burkert profile.
S, defined by them, is increasing with the halo mass as
log10 S = 0.21 log10
Mhalo
1010 M
+1.79 (2)
with S in M pc−2. Also Cardone & Tortora [94] showed that
the column density and the Newtonian acceleration, obtained
through strong lensing, and central velocity dispersion of lo-
cal galaxies are not constant but correlates, in agreement with
Boyarsky et al. [93], with the halo mass M200, also with the stel-
lar mass M∗, and the visual luminosity. Napolitano et al. [92]
found that the constant density scenario is violated by the early-
type galaxies. A correlation of the surface density with M200,
and between the baryon column density and mass, was obtained
by Del Popolo et al. [95]. Different from [92], [93] and [94],
the result had a smaller scatter. Cardone & Del Popolo [96]
followed closely D09, and G09 analysis, doubling the sample
of the previous authors, also investigating selection effects, and
reobtained the halo parameters fitting all the galaxy, while D09,
and G09, for many galaxies obtained from literature. Again
they found a result in contradiction to that of D09, and G09,
since Newtonian acceleration and virial mass were found to be
correlated.
Finally, a more recent result by Li et al. [97], found that fit-
ting the haloes with an Einasto profile, and a DC14 [98] profile
the surface density is correlated with luminosity.
We recall that the D09, and especially G09 paper were clearly
hinting to a relation of their results with MOND predictions,
and was a confirmation of those predictions. This was already
confirmed by Milgrom [2]. The results of the previously quoted
papers [79, 92–97] showing that the surface density is not a
universal quantity, in strong contradiction to D09, and G09, is
simply saying that the surface density result contradicts MOND
expectation. We will discuss this point in this paper, reobtain-
ing the surface density with the same profile used by D09, and
G09, and inferring the parameters through the Markov chain
Monte Carlo (MCMC) method. We will also discuss another
MOND prediction given by Milgrom & Sanders [3] concern-
ing the existence of a maximum halo acceleration, and using
similar methods we show again that data contradicts MOND
predictions.
The paper is organized as follows. In Sec. 2, we describe
the methodology. In Sec. 3, we analyze the MCMC results and
the scaling relations between the dark halo and the galactic disc
properties. In Sec. 4, we discuss the impact of our results on
MOND. Discussion and conclusions are given in Sec. 5.
2. Methodology
2.1. SPARC data set
The Spitzer Photometry and Accurate Rotation Curves (SPARC)
data set 3 [99] is a sample of 175 late-type disc galaxies with
new surface photometry at 3.6 µm and high-quality rotation
curves from previous HI/Hα studies. The surface photometry
3http://astroweb.cwru.edu/SPARC/
2
at 3.6 µm provides the stellar mass via the mass-to-light ra-
tio ϒ∗ conversion factor. In the near infrared bands, ϒ∗ has
small changes with star formation history [100, 101], and the
distribution of the stellar mass are well determined by Spitzer
photometry. The 21cm observations provide the gas mass. The
majority of SPARC galaxies are characterized by a disc struc-
ture, and some have bulges, both of them constitute the stellar
component. In total, the galaxy baryonic mass profile includes
disc, bulge and gas component and the dark matter profile will
be introduced later. In the SPARC data set, the mass profile is
represented by velocity at a given radius, so the total baryonic
velocity is
V 2bar = ϒdV
2
disc+ϒbV
2
bulge+V
2
gas, (3)
where ϒd and ϒb are the mass-to-light ratios for disc and bulge
component, respectively. SPARC spans a wide range of mor-
phologies (S0 to Irr), luminosities (5 dex), and surface bright-
nesses (4 dex). SPARC sample is particularly good to study
both DM haloes, and the way they are related to the discs of
galaxies.
2.2. Dark halo profile
In order to compare our results to that of D09, and G09, in
this paper we will use the Burkert profile dark halo to fit the
SPARC data set. The choice of this profile is dictated by the
fact D09, and G09 used the same profile in their analysis. The
Burkert density profile is given by
ρ(r) =
ρ0r30
(r+ r0)(r2+ r20)
, (4)
where ρ0 and r0 are the central density and scale radius of a
halo, respectively. Its enclosed mass profile is given by
M(r) = 2piρ0r30[ln(1+ x)+
1
2
ln(1+ x2)− arctanx], (5)
where x = r/r0 is a dimensionless radius. The rotation velocity
from DM haloes is given by
V 2DM
V 2200
=
C200
x
ln(1+ x)+ 12 ln(1+ x
2)− arctanx
ln(1+C200)+ 12 ln(1+C
2
200)− arctanC200
. (6)
The concentration C200 and the rotation velocity V200 at the
virial radius r200 are given by
C200 = r200/r0, V200 = 10C200r0H0, (7)
where H0 is the Hubble constant (73 Kms−1 Mpc−1 in this pa-
per).
The total rotational velocity is given by summing all the
components, as
V 2tot =V
2
DM+ϒdV
2
disc+ϒbV
2
bulge+V
2
gas, (8)
where VDM is the dark matter component, and Vdisc, Vbulge, Vgas
the baryonic component, respectively. ϒd, and ϒb represent the
mass-to-light ratios for the disc and bulge component, which is
predicted by the stellar population synthesis model [100, 101].
Apart from the stellar mass-to-light ratios, the galaxy distance
and disc inclination affect the stellar components and the total
observed rotational velocities, respectively. If the galaxy dis-
tance D is changed to D′ = DδD, where δD is a dimensionless
distance factor, then the radius changes according to R′ = RδD
and the baryonic component velocity changes to V ′k = Vk
√
δD,
where ‘k’ denotes disc, bulge, or gas. If the disc inclination
is changed to i′ = iδi, where δi is a dimensionless inclination
factor, the observed rotation curves and its uncertainties change
according to
V ′obs =Vobs
sin(i)
sin(i′)
, δV ′obs = δVobs
sin(i)
sin(i′)
. (9)
Then, we can compare the total rotational velocity with the ob-
served rotation velocity. In total, the free parameters in the fits
we will perform are: V200, C200, ϒd, ϒb, δD and δi.
2.3. Bayesian analysis
We implement the Bayesian analysis by using the affine-
invariant MCMC ensemble sampler in emcee [102]. The poste-
rior probability of parameter space is given by
P(V200,C200,ϒd,ϒb,δD,δi|SPARC) =L (V200,C200,
ϒd,ϒb,δD,δi|SPARC)P(V200,C200,ϒd,ϒb,δD,δi), (10)
where the likelihood is derived from the χ2 function, L ∼
e−χ2/2 and
χ2 =
N
∑
k=1
(
Vtot(R′k;V200,C200,ϒd,ϒb,δD)−V ′obs,k
δV ′obs,k
)2
, (11)
where N is the number of data point for individual galaxy, the
observed rotation curve and its uncertainty at the radius Rk has
been changed to V ′obs,k and δV
′
obs,k, with a dimensionless factor
δi. The total rotation velocity Vtot at the radius R′k is predicted
by the halo parameters {V200,C200} and the galactic parameters
{ϒd,ϒb,δD}. The prior probability is the product of respective
priors,
P(V200,C200,ϒd,ϒb,δD,δi)=P(V200)P(C200)P(ϒd)P(ϒb)P(δD)P(δi).
(12)
Similarly to Li et al. [97], we impose the same priors on galac-
tic parameters: Gaussian priors on δD and δi around 1 with
standard deviations given by the observational relative errors;
log-normal prior on ϒ∗ around their fiducial values ϒd = 0.5
and ϒb = 0.7 with a standard deviation of 0.1 dex suggested
by the stellar population synthesis models. For halo parameters
{V200,C200}, a flat prior is used with 10<V200 < 500 kms−1,1<
C200 < 100. These loose priors have also been used to fit the
DC14 and NFW profile in Katz et al. [103]. Moreover, we use
flat priors because we want to compare our results with the scal-
ing relations in D09, G09 and Kormendy & Freeman [80, 104]
that they obtained by means of flat priors. Finally, the best fit-
ting value is obtained by maximizing the posterior probability.
3
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Radius [kpc]
0
50
100
150
200
250
R
ot
at
io
n
V
el
oc
it
y
[k
m
s−
1
]
0 5 10 15 20
Radius [kpc]
0
20
40
60
80
100
120
R
ot
at
io
n
V
el
oc
it
y
[k
m
s−
1
]
0 1 2 3 4 5 6 7
Radius [kpc]
0
10
20
30
40
50
R
ot
at
io
n
V
el
oc
it
y
[k
m
s−
1
]
Figure 1: The best fit of galaxy rotation curve for the bulge-dominated spiral galaxy (NGC 7814, left), disc-dominated spiral galaxy (NGC 6503, middle) and
gas-dominated dwarf galaxy (NGC 3741, right). The points with error bars show the observed rotation curves. The red line shows the total rotation velocity, the
dash-dotted line the dark matter, the dashed line the disc, and the dotted line the gas. Some galaxies have bulge component which is represented by the magenta
dash-dotted line.
3. Result
3.1. Best fit to individual galaxy
Based on the Bayesian method, we have fit 175 individual
galaxy rotation curve in SPARC sample with the Burkert pro-
file. Fig. 1 shows the best fit to three representative galaxies,
with the meaning of the symbols described in the caption of the
figure. We find that the Burkert profile can give a good fit to the
galaxies studied. The reduced χ2 for the galaxies in Fig. 1 is
0.867, 2.631, 0.988, respectively.
Except for five galaxies, the galaxies have a reduced χ2 <
10. The best fitting values and the reduced χ2 for the full
SPARC sample are listed in Table A-1.
In the rest of the paper, we will show the plots obtained
using the Burkert profile, since we want to compare our results
to that of D09, and G09.
3.2. Correlations between halo and disc properties
In our paper, we studied the correlations between the prod-
uct of the scale radius, r0, and the central density, ρ0, with lu-
minosity L[3.6]. We also showed the correlations between the
dark matter acceleration gDM(r0) at scale radius with luminos-
ity L[3.6], which will be analyzed later. D09 considered the cor-
relation between ρ0r0, and the galaxy magnitude, MB. Here
instead of MB, we use L[3.6], since in the SPARC sample instead
of MB, the luminosity L[3.6] is used. Apart those correlations, we
also studied, the correlations between ρ0r0, gDM(r0), and other
galaxies disc properties. In the present paper, we are mainly
interested in studying the ρ0r0 correlations. This because we
want to compare the results with those of D09, and G09. As we
already reported, D09, and G09 claimed a quasi-universality
of ρ0r0, where r0 are the scale radius for the Burkert profile,
and ρ0 the central density. G09 extended the result to baryons,
claiming that the D09 result was valid for luminous matter sur-
face density. In the following, we will show that fitting SPARC
data by means of the Burkert profile like that used by D09, and
G09, we do not find any quasi-universal relation, in agreement
with several papers in literature [79, 92–97].
All the figures in this paper shows the quantity ρ0r0 on the
left vertical axis, and gDM(r0) on the right vertical axis in order
to reduce the number of figures. This can be done since ρ0r0,
and gDM(r0) are proportional as shown in the next sections.
In Fig. 2, we show the scaling relation between ρ0r0 and
L[3.6], when imposing flat priors on the halo parameters. Er-
rors on ρ0r0, were obtained by error propagation based on the
uncertainties in the fitting parameters, while the uncertainty
on L[3.6] are obtained from SPARC dataset, and is given by
the quadratic sum of errors on distances and flux. The blue
line in Fig 2 denotes the linear regression in log-space. The
horizontal dashed line and the gray shaded region represent
the predictions of D09 concerning the surface density, namely
log10ρ0r0 = 2.15± 0.2 in units of M pc−2. The correlation
strength is evaluated through the Pearson correlation coefficient
R and the p-value. The second one is the probability that the
real data is reproduced by an uncorrelated system. Since the
p-value is small, we convert it to the number of σ from zero,
n =
√
2erf−1(1− p), where erf−1 is the inverse error function.
Then the significance level for correlation is nσ . In this scaling
relation, R = 0.33, and we find that the significance level for
correlation is 4.45σ , indicating a medium correlation between
the two variables. This result is shown in Table 1. The smaller
value of the Pearson coefficient R in our case with respect to Li
et al. [97] is due to the flat prior on halo parameters we used. It
seems that Gaussian priors used in Li et al. [97] impose a strong
constraints on the halo parameters. We fit the data by using the
linear regression and we find a linear relation in log-space,
log10ρ0r0 = (0.13±0.02) log10 L[3.6]+(0.95±0.23). (13)
The quoted result is in contradiction to that of D09, G09, and
Kormendy & Freeman [80, 104], which does not show any cor-
relation (flat line). The dark halo profile we used for our fit is
the same of that of D09, and G09, while Kormendy & Freeman
[104] used a non-singular isothermal sphere. In the present pa-
per, we are interested in a comparison with D09, so we are not
going to consider the changes due to non-singular isothermal
sphere, that however should be small since the Burkert profile,
excluding the outer regions, has a similar behavior to the non-
4
Table 1: The linear regression between the dark halo surface density and the galactic disc
properties. (1) – the linear regression equation; (2) – the Pearson correlation coefficient R;
(3) – the significance level*.
Equation R nσ
(1) (2) (3)
log10ρ0r0 = (0.13±0.02) log10 L[3.6]+(0.95±0.23) 0.33 4.45σ
log10ρ0r0 =−(0.07±0.01)T +(2.72±0.07) -0.42 5.81σ
log10ρ0r0 = (0.90±0.12) log10 Vflat+(0.42±0.25) 0.54 6.81σ
log10ρ0r0 = (0.46±0.08) log10 Reff+(2.08±0.04) 0.15 1.94σ
log10ρ0r0 = (0.25±0.04) log10Σeff+(1.73±0.09) 0.50 7.07σ
log10ρ0r0 = (0.32±0.08) log10 Rdisc+(2.17±0.04) 0.14 1.88σ
log10ρ0r0 = (0.36±0.04) log10Σdisc+(1.27±0.11) 0.51 7.21σ
log10ρ0r0 = (0.32±0.08) log10 RHI+(1.90±0.10) 0.14 1.84σ
log10ρ0r0 = (0.22±0.04) log10 MHI+(0.20±0.39) 0.20 2.67σ
*n =
√
2erf−1(1− p), where p-value is the probability that the real data is repro-
duced by an uncorrelated system.
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Figure 2: Scaling relations between the ρ0r0 (left vertical axis), gDM(r0) (right
vertical axis), and L[3.6] for the Burkert profile when imposing flat prior on
the halo parameters. The dashed black line, and the gray shaded region, rep-
resent the value log10 ρ0r0 = 2.15± 0.2 obtained by D09. The blue line de-
notes the linear regression in log-space. The green shaded region, represents
the range 0.3a0− 0.4a0 for the maximum halo acceleration predicted by Mil-
grom & Sanders [3].
singular isothermal sphere.
As we already discussed, we used the Burkert profile in or-
der our analysis is similar to that of D09. A comparison of our
result, Fig. 2, with their result shows they do not agree. While
D09 do not find any correlation between ρ0r0 and magnitude
(luminosity), in our case there is a correlation similarly to pre-
viously cited papers [79, 92–97].
So summarizing, following the method used by D09, we
found a result contradicting theirs. Apart the correlation, Fig. 2
shows that our data are not contained in the D09 range, showing
again that D09 result is not in agreement with ours: there is no
hint of a quasi-universal behavior of ρ0r0, and this conclusion
is again in agreement with several papers [79, 92–96].
We want to add that D09 analysis has some issues. As no-
ticed by Li et al. [97], in D09 stellar contributions is taken into
account using several methods and adopting spectro-photometric
galaxy models. Thus, the contributions of each component
strongly depend on the efficacy of the modeling. Moreover,
for several galaxies, D09 did not fit the rotation curve using the
Burkert profile but relied on values already presented in litera-
ture, and based on different dark halo profiles. We improved the
previous issues by fitting each SPARC galaxy rotation curve to
obtain the Burkert parameters, using the MCMC method, also
to infer a realistic estimate of the errors on the quantities of
interest.
The analysis in Spano et al. [105] and Kormendy & Free-
man [104] also shows some inappropriate choices. As noticed
by Li et al. [97], and previously reported by D09, the use of
the maximum disc analysis by Kormendy & Freeman [80, 104]
produces drawbacks, as pushing ϒdisc to unreasonably high val-
ues in the case of low mass galaxies. Spano et al. [105] assumed
constant ϒ?, while in the optical band a strong variation of ϒ?
is expected [100].
3.3. Other correlations
In order to show that the correlation we find is a genuine
one, we looked for other correlations between ρ0r0 and the
galaxy disc properties as tabulated in the SPARC data set [99].
The result of the analysis is plotted in Fig. 3. The first correla-
tion we found is with galaxy type, characterized by R =−0.42,
having a significance level of 5.81σ , and
log10ρ0r0 =−(0.07±0.01)T +(2.72±0.07). (14)
It shows that earlier galaxies have a larger surface density.
The second one is with the rotation velocity along the flat
part (only 135 galaxies have the flat part), Vflat, characterized
by R = 0.54, indicating a strong correlation with a significance
level of 6.81σ , and
log10ρ0r0 = (0.90±0.12) log10 Vflat+(0.42±0.25). (15)
We also found that there exist strong correlations with the
baryonic surface brightness, which can be converted into sur-
face density via the mass-to-light ratio. Also the effective sur-
face brightness, Σeff, and the central surface brightness of the
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Figure 3: Scaling relations between the ρ0r0 (left vertical axis), gDM(r0) (right vertical axis) vs galactic properties. The blue line denotes the linear regression in
log-space (except the Hubble type). The dashed black line, and the gray shaded region, represent the value log10 ρ0r0 = 2.15± 0.2 obtained by D09. The green
shaded region, represents the range 0.3a0−0.4a0 for the maximum halo acceleration predicted by Milgrom & Sanders [3]. Circles with error bars correspond to the
data obtained by means of the SPARC sample. The panels show the correlations: 1. ρ0r0(gDM) – numerical Hubble type; 2. ρ0r0(gDM) – rotation velocity along the
flat part; 3. ρ0r0(gDM) – effective radius; 4. ρ0r0(gDM) – effective surface brightness; 5. ρ0r0(gDM) – scale length of the stellar disc; 6. ρ0r0(gDM) – central surface
brightness of the stellar disc; 7. ρ0r0(gDM) – HI radius; 8. ρ0r0(gDM) – total HI mass.
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Figure 4: The derived posterior probability distributions of ρ0r0 (left vertical
axis) and gDM(r0) (right vertical axis) for 175 SPARC galaxies. The red circles
show the maximum of the posterior in ascending order. The error bars show its
uncertainties. The global best-fit value of ρ0r0, gDM(r0) is shown by the dashed
line.
stellar disc, Σdisc can be expressed in terms of the dark halo sur-
face density, strongly correlated to ρ0r0. There still exist pos-
itive correlations with the effective radius, Reff, and the scale
length of the stellar disc, Rdisc, but the correlations are weak.
We also find other two correlations with the total mass of atomic
hydrogen (HI), MHI, and with the radius where the HI surface
density reaches 1 M pc−2. These results are summarized in
Table 1.
In all panels, the horizontal dashed line and the gray shaded
band represent the predictions of D09 concerning the surface
density, namely log10ρ0r0 = 2.15±0.2M pc−2.
Summarizing, in our analysis we followed closely D09 anal-
ysis, and differently from them we found a correlation between
ρ0r0 and luminosity, in agreement with several previous studies
[79, 92–97]. Moreover, our data do not fulfill the D09 claim
that log10ρ0r0 = 2.15±0.2M pc−2.
The main point of the previous plots is that the quoted cor-
relations leave small room to the idea that ρ0r0 is constant.
In order to have a more quantitative idea, following Ro-
drigues et al. [64], we calculated the confidence level to reject
the hypothesis of a constant value of ρ0r0. Fig. 4 show the de-
rived posterior probability distributions of ρ0r0 for 175 SPARC
galaxies. Each red circle shows the maximum of the poste-
rior, and the dashed line is the global best-fit of ρ0r0. We find
that the global best-fit value is log10ρ0r0 = 2.27, i.e., ρ0r0 =
187.94M pc−2. Most of galaxies are quite incompatible with
the global best-fit. The null hypothesis (constancy of the ρ0r0)
is rejected at > 10σ . After excluding low-quality galaxies fol-
lowing the quality criteria in Rodrigues et al. [64], namely us-
ing the same 100 galaxies, we find that the null hypothesis is
still rejected at > 10σ .
4. The surface density, DM Newtonian acceleration and MOND
As several times reported, D09 found that the product Σ0Donato =
ρ0r0, dubbed surface density, is constant, independent on MB
magnitude (i.e., luminosity), in a very large magnitude range:
−8≥MB ≥−22, having the value,
log10
Σ0Donato
M pc−2
= 2.15±0.2. (16)
From Eq. 16, one gets the gravitational acceleration coming
from the dark matter component at the scale radius
gdark(r0) = GpiΣdark(r0) = 3.2+1.8−1.2 10
−9 cms−2, (17)
where Σdark(r0) = 0.51Σ0Donato is the dark matter mean surface
density within the scale radius r0. This acceleration assumes
always the same value.
G09 extended this result to the luminous component in galax-
ies,
gbary(r0) = GpiΣbary(r0), (18)
where Σbary(r0) is the baryonic mean surface density within r0
and they found gbary(r0) = 5.7+3.8−2.8 10
−10 cms−2.
This implies that a. the gravitational acceleration coming
from the DM component, and the luminous galaxies compo-
nent at the scale radius assumes always the same value; b. in
a scale radius (r0) the luminous-to-dark matter ratio, is con-
stant; c. the central baryonic surface density correlates with
the core radius. The quoted claims were interpreted as a “cor-
relation” between the enclosed surface densities of luminous
and dark matter in galaxies. Another interpretation that was
given is that the DM halo core radius is the radius beyond which
gbary(r) < 6× 10−10 cms−2, relating the result to the so called
mass discrepancy-acceleration relation [61]. From the “univer-
sal and maximum” acceleration gdark(r0), the mass discrepancy-
acceleration relation predicts, by definition, the existence of a
universal gravity coming from baryons at r0, and a universal
surface density in r0.
In other words, there is a strict correlation between the con-
stancy (universality) of the surface density and a universal ac-
celeration, that is nothing else than the well known universal
acceleration in MOND, a0.
Milgrom [2] prompted by the previous results showed that
MOND predicts, for all object having a mean acceleration at
or above a0, a quasi-universal central surface density of galaxy
DM haloes, which can be written as
Σ0MOND = γΣM = γ
a0
2piG
, (19)
where 0.7 < γ < 2, for the limiting form of the interpolating
function used in [2], and
ΣM = 138
a0
1.2×10−8 cms−2 M pc
−2, (20)
that for a canonical value of a0 gives ΣM = 138M pc−2, or
log10
ΣM
M pc−2
= 2.14, in agreement with Eq. (16). In the case of
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low surface density systems, having accelerations smaller than
a0, Σ0MOND ' 2.4(Σ0bΣM)1/2 ' (6/pi+1)ΣMX0 ' 0.6ΣM , being
X0 ' 0.2, and Σ0b the central baryon surface density. The previ-
ous result was generalized by [106], in Σ0MOND = ΣMS(Σ
0
b/ΣM),
where the function S(y) =
∫ y
0 ν(y
′)dy′, and ν is the interpolat-
ing function. In summary, Milgrom [2] confirms D09 result,
adding that the quasi-universal value is not shared by objects
with low surface densities, and that values lower than Σ0Donato
are allowed in low surface density systems. To be conservative,
D09 result together with Milgrom [2] can be written as
1.9 < log10Σ
0
MOND < 2.4, (21)
which almost coincide with the range 1.95 < log10Σ0Donato <
2.35 [1]. Moreover, Eq. (19) with Eq. (21) impose a limit on
a0, showing that there is a strict correlation between the surface
density properties and MOND.
A spontaneous question, at this point is: are our data on
Σ0Donato = ρ0r0 compatible with MOND predictions?
As shown in Fig. 2, the relation between Σ0Donato = ρ0r0 and
the luminosity is not flat as predicted in D09, but show a pre-
cise correlation already discussed. The plot also shows that the
distribution of the points in Fig. 2 is largely outside the predic-
tion of D09. Fig. 3, shows a similar behavior. The relations
between ρ0r0 and the quantities in the x-axis, are never flat,
and the points are largely distributed out from the D09 bound-
aries. Moreover, the condition Eq. (21), is violated by our
data, implying that Milgrom [2] prediction obtained by means
of MOND is violated by data, and this is a big problem for
MOND.
We can do another check using another MOND prediction
given by Milgrom & Sanders [3] concerning the existence of a
maximum halo acceleration. This results comes out from the
relation
gh(g) = g−gN = g−gµ(g/a0) (22)
where g is the true MOND acceleration, gh the halo accelera-
tion, gN the Newtonian acceleration, and µ is MOND interpola-
tion function. gh cannot exceed amax = ηa0, with η ' 0.3−0.4
according to the standard interpolation function, µ(x)= x√
1+x2
.
We calculated, from the plot of the correlation between the
surface density and luminosity, Fig. 2 (left axis 4), the cor-
relation between the acceleration and the luminosity, that we
plotted in Fig. 2 (right axis). From Fig. 2 (right axis), it can
be seen that our data do not confirm MOND prediction. In Fig.
3 (right axis), we also show the DM Newtonian acceleration vs
galactic properties, showing the halo maximum accelerations
predicted by MOND. Following Milgrom & Sanders [3], we
plot the band 0.3a0 ∼ 0.4a0 (green area), indicating the range
in which the maximum halo acceleration can be. Some of the
galaxies have values of gDM(r0) that are not only higher than
0.4a0 but even a0.
4We write left axis to refer to ρ0r0, and right axis to refer to gDM(r0).
The previous conclusion is strengthened by Fig. 3 (right
axis) showing that gDM(r0) is correlated with several quanti-
ties of the galactic disc, and again the plots show that the data
violates the MOND [3] predictions.
Moreover, we follow the method introduced in Rodrigues
et al. [64] to calculate the confidence level to reject a constant
value of gDM(r0). Fig. 4 (right axis) show the derived posterior
probability distributions of gDM(r0) for 175 SPARC galaxies.
We find that the global best-fit value is log10 gDM(r0)=−10.37,
i.e., gDM(r0) = 0.42×10−10 ms−2. Note that even if the global
best-fit of gDM(r0) is 0.35a0, in the MOND prediction range
0.3a0 ∼ 0.4a0, for most of galaxies, gDM(r0) is incompatible
with the global best-fit. The null hypothesis (constancy of the
gDM(r0)) is rejected at > 10σ . Even if we exclude those galax-
ies with low-quality following the quality criteria in Rodrigues
et al. [64] and use the same 100 galaxies, we find that the null
hypothesis is still rejected at > 10σ .
5. Discussion and Conclusions
In this paper, using SPARC sample, we verified the D09
claim of the existence of a universal surface density of dark
matter haloes. We calculated the ρ0r0 for the Burkert profile,
by using the MCMC method. We looked for correlations be-
tween the quoted quantity and luminosity, as done by D09, and
also we verified if our ρ0r0 data satisfied D09 result, namely
log10ρ0r0 = 2.15± 0.2M pc−2. We repeated the calculation,
looking for correlation with a series of other disc properties
(Hubble type, rotation velocity along the flat part, effective ra-
dius, effective surface brightness, scale length of the stellar disc,
central surface brightness of the stellar disc, total HI mass and
HI radius), finding similar results to that of the ρ0r0−L[3.6] cor-
relation. The calculations, performed through Bayesian statis-
tics, showed that contrarily to D09 conclusions, that the surface
density is not a universal quantity. As shown by Milgrom [2],
MOND has a strong prediction for the surface density. We ver-
ified if our data is consistent with that prediction, but we found
the opposite result. To strengthen the previous result, we used
another of the predictions of MOND [3], related to the existence
of a maximum value for halo Newtonian acceleration, gDM(r0),
predicted to be in the range 0.3a0 ∼ 0.4a0 for the standard in-
terpolation function. Also in this case, MOND predictions are
in contradiction with data. The dark matter Newtonian acceler-
ation correlates with all the previously presented galactic prop-
erties, and our calculated gDM(r0) is outside the boundary pre-
dicted by MOND. We also calculated the confidence level to
reject a constancy of gDM(r0) and we find that the null hypoth-
esis is rejected at a very high confidence level.
The present paper is related to Rodrigues’ [64]. Like us,
they use the SPARC database to show that the probability to
have a fundamental acceleration (e.g., the typical MOND ac-
celeration, a0), is practically 0, and that a0 must be of emergent
nature. The analysis in the present paper, leads us to a similar
conclusion. In this paper, we were not interested in studying
what is the origin of the emergent nature of a0. This was stud-
ied by a recent paper (Grudic et al. 2019, arXiv:1910.06345),
which in agreement with our paper and [64], concludes that the
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origin of the quoted acceleration is emergent rather than fun-
damental. Moreover, according to their study, the acceleration
comes naturally from stellar feedback.
We may conclude that our results show the absence of a
universal surface density, and the absence of maximum accel-
eration in haloes. Since these quantities are related to MOND,
which has precise predictions for them, rejected by a compar-
ison with data, this imply that MOND shows big problems at
small scales, the scales at which should give its best.
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